Summary: Focal cerebral ischemia in the rat was induced by occlusion of the left middle cerebral artery. The tem poral evolution of regional energy metabolism was studied over the 14 days consequent to the induction of ischemia in the frontal, cingulate, parietal, and occipital cortices as well as in the striatum. Regional concentra tions of adenosine triphosphate (ATP), phosphocreatine, and lactate and, in addition, glucose and the cerebral/ plasma glucose ratio (C/P) were measured in the hemi spheres both ipsilateral and contralateral to the occlu sion. Two hours after middle cerebral artery occlusion, the biochemical changes were severe in the striatum and moderate in cortical regions. Later on (at 24 and 48 h), an overall aggravated metabolic status was noted while lac tate declined and glucose markedly increased. These latter biochemical changes likely indicate a marked inhi bition of the rate of glucose utilization. At 48 h, the en ergy reserves (ATP, phosphocreatine) of parietal cortex no longer equaled those of other cortical regions, but abruptly fell to the levels found in the striatum without any increase in lactate level. Finally, at 7 and 14 days, the The investigation of the regional metabolic changes consequent to cerebral ischemia has often been clouded by the variability inherent to the ex isting models for the induction of a reproducible ischemic insult. In our companion article, we have described a model of focal cerebral ischemia in Fischer-344 rats that produces a relatively large, standardized, and reproducible infarction and that is not associated with any mortality whatsoever even at extended intervals following the ischemic 462 levels of the various metabolites in most cortical regions returned toward control values, although signs of a de pressed glucose metabolism remained. However, in both striatum and parietal cortex, ATP and phosphocreatine concentrations, although higher than those observed at 48 h, remained significantly decreased. Our present bio chemical study permits the classification of these se lected brain regions into three categories. First there are those that are outside the area of infarction: the frontal, cingulate, and occipital cortices. These regions show little temporal evolution of brain energy metabolism but, notwithstanding, they are regions in which glucose use would appear to be greatly depressed. Second is a region considered to be the focus of infarction: the striatum. The caudate-putamen is a region with early and profound metabolic disturbances with no final restitution. Last is the region of metabolic penumbra-the parietal cortex, in which there is a time-related exacerbation of the con sequences of middle cerebral occlusion in the rat.
The investigation of the regional metabolic changes consequent to cerebral ischemia has often been clouded by the variability inherent to the ex isting models for the induction of a reproducible ischemic insult. In our companion article, we have described a model of focal cerebral ischemia in Fischer-344 rats that produces a relatively large, standardized, and reproducible infarction and that is not associated with any mortality whatsoever even at extended intervals following the ischemic levels of the various metabolites in most cortical regions returned toward control values, although signs of a de pressed glucose metabolism remained. However, in both striatum and parietal cortex, ATP and phosphocreatine concentrations, although higher than those observed at 48 h, remained significantly decreased. Our present bio chemical study permits the classification of these se lected brain regions into three categories. First there are those that are outside the area of infarction: the frontal, cingulate, and occipital cortices. These regions show little temporal evolution of brain energy metabolism but, notwithstanding, they are regions in which glucose use would appear to be greatly depressed. Second is a region considered to be the focus of infarction: the striatum. The caudate-putamen is a region with early and profound metabolic disturbances with no final restitution. Last is the region of metabolic penumbra-the parietal cortex, in which there is a time-related exacerbation of the con sequences of middle cerebral occlusion in the rat. Key Words: Focal ischemia-Rat-Cortex-Striatum ATP -Phosphocreatine -Lactate-Glucose.
insult (Duverger and MacKenzie, 1988) . The devel opment of this model encouraged us to study the temporal evolution of regional energy metabolites, especially in the peri-infarct, or penumbral, zone .
Hitherto, considerable information has been ob tained from biochemical studies performed in the recirculation period following a transient, global ce rebral ischemia (Ljunggren et aI., 1974; Hossmann et aI., 1976; Levy and Duffy, 1977; Welsh et aI ., 1978) . However, most of these investigations were restricted to the few hours after cessation of the ischemic insult . The recovery of brain metabolism during recirculation periods longer than 24 h has only been studied in two models of global brain ischemia: in the gerbil (Arai et aI., 1982) and in the rat (Pulsinelli and Duffy, 1983) , the latter after four vessel occlusion. Although this last model has been shown to produce consistent histological changes (Pulsinelli and Brierly, 1979) , it does not relate di-rectly to the common clinical problem of focal cere bral ischemia.
Tamura and his colleagues (198 1a) demonstrated that occlusion of one middle cerebral artery in the rat was feasible and that it resulted in a consoli dated infarction in large areas of the neocortex and in the striatum. This model fulfilled the requirement for an inexpensive rat model of irreversible focal cerebral ischemia with limited reperfusion that should induce an infarction of reasonably predict able size and location. Since then, many histopath ological investigations have been performed (Coyle and Jokelainen, 1983; Coyle, 1986; Chen et aI., 1986; Bederson et aI., 1986) and have extended the survey period up to 3 days. Initially, acute measure ments of cerebral blood flow demonstrated a close regional correlation between marked reductions in flow and appearance of ischemic lesions (Tamura et al ., 198 1b) . The temporal changes in cerebral blood flow in relation to modifications in regional rates of cerebral glucose consumption were then studied in the period 3 -20 h after the occlusion (Sako et al ., 1985; Nedergaard et aI., 1986) .
It was first demonstrated by Shigeno and co workers (1983) that, following the occlusion of the rat middle cerebral artery, cellular metabolism was clearly different in the acute (4-h) and chronic (3-week) stages . Further studies suggested that, 4 h after occlusion of the middle cerebral artery, there might exist a zone of ischemic penumbra (Astrup et al ., 198 1) located in the frontoparietal neocortex (Tyson et al., 1984) .
In the present study, we measured the regional levels of adenosine triphosphate (ATP) , phospho creatine, lactate, and glucose in the frontal, cingu late, parietal, and occipital cortices as well as in the striatum in both the occluded and nonoccluded hemisphere. The purpose of this investigation was to study the temporal changes in regional energy metabolism over a wide range of postocclusion in tervals (from 2 h to 14 days) in an attempt to under stand the sequence of events that might occur in a penumbral region. A preliminary, partial report of the results of the present investigation has been published (Nowicki et aI ., 1985) .
MATERIALS AND METHODS

Surgical procedures
All experiments were performed on male Fischer-344 (Charles River, France) rats weighing 260-280 g. The an imals had free access to commercial food pellets and water prior to the definitive experiment. The rats were first anesthetized with 4% halothane; thereafter, anes thesia was maintained with 1.5% halothane during the surgical procedure.
The middle cerebral artery was occluded by the tech nique of Ta mura et al (1981a) as modified by Shigeno and co-workers (1985) . A detailed description of the surgical approach and postoperative consequences can be found in our companion article (Duverger and MacKenzie, 1988) . Briefly, the left middle cerebral artery of 48 rats was either simply exposed (sham-operated rats, n = 17) or occluded (n = 31) by electrocautery via a transorbital approach. Virginiamycin (Staphylomycine) was applied topically, and the skin incision was sutured.
Occluded and sham-operated rats were then divided into five groups; at 2, 24, and 48 h and 7 and 14 days following the surgical intervention, the rats were again anesthetized with 4% halothane (see Nowicki et al., 1987, for complete details) . Following tracheotomy and immo bilization (alcuronium, 2 mg/kg, i.p.), halothane was dis continued, and the rats were artificially ventilated with N20:02 at 70:30. Both femoral arteries were cannulated, and all surgical incisions were infiltrated with local anes thetic (Xylocaine). Systemic arterial pressure and body temperature were monitored throughout the experi mental period. Samples of arterial blood were withdrawn for the determination of pH, P02, PC02, and plasma glu cose levels.
Tissue preparation and metabolite analysis
A longitudinal incision of the scalp was performed and a plastic funnel placed onto the calvarium. The brain was frozen, in situ, with liquid N2. Te n minutes later, ventila tion was arrested, the rat was decapitated, and the brain was removed under an intermittent flux of liquid N2• Each brain hemisphere was then dissected in a glove box at -22°C into five regions (Fig. O . The brain regions were weighed and homogenized in 100 I.Ll of 0.1 M HCI in methanol in a glass potter equipped with a Teflon pestle. Homogenization was continued after the addition of 500 fl.l of 0.3 M HCI04/5 mM EDTA (ethylenediaminetetra acetate). The extracts were then centrifuged, and the pellet was homogenized again in the presence of 125 fl.l of 0.3 M HCI04/5 mM EDTA. Following centrifugation, both supernatants were combined, and 650 fl.l of the ali quot was pipetted; 97.5 fl.l of the neutralization mixture (2 M KOH, 0.4 M imidazole, 0.4 M KCI) was added in order ].-P. NOWICKI ET AL.
to obtain a pH of 6.8-7.0. After centrifugation, the su pernatant was stored at -20°C until analysis. ATP, phosphocreatine, glucose, and lactate concentra tions were determined using the enzymatic fluorometric procedures described by Lowry and Passonneau (1972) .
Statistical analysis
All statistical comparisons were performed by Duncan's test for multiple comparisons preceded by an analysis of variance.
RESULTS
Physiological parameters
As no significant time-related difference could be detected either in any of the measured physiolog ical parameters or in the concentrations of the various brain metabolites analyzed (see below), the values for all sham-operated rats were regrouped . When the total sham-operated group was compared with the control (nonoperated) group of rats and occluded rats, there was no significant difference between mean arterial pressure, Po 2, or Pc o2 values ( Table I) . Mean arterial pH was slightly de creased at 24 h after occlusion, although this phe nomenon was not considered to be physiologically meaningful. A significantly lowered plasma glucose was measured in the same group of rats (24 h after occlusion), probably related to the fact that oper ated rats reduced their food intake . As a conse quence, the body weight in occluded rats decreased by 6% as compared with sham-operated rats . Plasma glucose concentrations returned to normal values at 48 h, but the growth curve of occluded rats was slightly delayed when compared with that of sham-operated rats, even 14 days after opera tion .
Metabolites in nonoperated and sham-operated rats
In none of the brain regions studied was there a significant difference between mean ATP, phospho creatine, and lactate values in nonoperated control rats and sham-operated rats . To account for individual and time-related variability in cerebral and plasma glucose levels (Table 1) , the ratio of both concentrations (e/P glucose ratio) was calculated; mean values are presented in Table 2 together with cerebral glucose values for both groups of rats . In all cortical regions, sham-operated rats had signifi cantly higher cerebral glucose levels (16-19%) and e/P glucose ratios (13-16%) than nonoperated rats, although the values were comparable in striatum (Table 2 ).
In the sham-operated group of rats, glucose levels and e/P glucose ratios were significantly lower in striatum as compared with all cortical re gions in both hemispheres . In nonoperated control rats, similar changes occurred, although statistical significance was reached only in the parietal cortex with respect to the striatum. In the striatum of both groups of rats, the lowered glucose concentrations were not accompanied by any modification in ATP, phosphocreatine, or lactate levels (Table 3) .
When compared with the cingulate, parietal, and occipital cortices, the frontal cortex of sham-oper ated rats also displayed a lower glucose and e/P glucose ratio (Table 2) . Furthermore, the frontal cortex displayed significantly lower phosphocrea tine concentrations, while lactate levels were ele vated (Table 3) . Nevertheless, ATP concentrations were similar to those found in other brain regions studied (Table 3) .
Finally, in both groups of rats, no interhemi spheric differences in any calculated mean metabo lite concentrations could be detected in any brain region studied .
Metabolites in occluded rats
Acute phase. Two hours following occlusion, striatal ATP concentrations were greatly reduced but not completely depleted in the ipsilateral hemi sphere (Table 4 and Fig . 2 ) . However, in cortical regions, the acute brain ischemia induced limited Mean (± SEM) arterial pressure, Po2 , Pco2 , and pH values and plasma glucose levels in nonoperated control rats, sham-operated rats, and rats subjected to left middle cerebral artery occluded at 2 h, 24 h, 48 h, 7 day s, and 14 days . a p < 0.05 . b P < 0 . 01 . Mean (± SEM) cerebral glucose concentration and C/P glucose ratio in nonoperated rats and sham-operated rats. These values were determined in five brain regions ( decreases in ATP levels, Considering the extent of the brain energy metabolism changes, a hierarchy of effects existed in which parietal cortex was most affected (-18%) followed by cingulate cortex (-13%), with frontal and occipital cortices re maining relatively spared (Table 4 ; Fig . 2 ), At 2 h after occlusion , lactate levels were elevated, and the extent of this increase was broadly correlated to the decrease in ATP concentrations for each region considered . Accordingly, a limited increase in lac tate levels was noted in frontal, cingulate, and oc cipital cortices . When compared with levels in sham-operated rats, lactate levels were threefold greater in parietal cortex and almost ten times higher in striatum (Table 4 ; Fig. 2 ) . However, lac tate levels in striatum remained moderately in creased and were not accompanied by an exhaus tion of brain glucose, which was only insignificantly decreased by 26% (Table 4) , as were CIP glu cose ratios by 21% (Table 4 ; Fig, 3 ). In cortical re gions , the C/P glucose ratios remained unchanged . Phosphocreatine was reduced in striatum (-40%) to the same extent as ATP although it remained stable in all cortical regions (Table 4) , Disturbances of brain metabolism were also found in the hemisphere contralateral to the occlu sion, Very limited decreases in ATP levels 0-6%) were measured in most brain regions while phos phocreatine and lactate concentrations remained essentially unaffected (Table 4) . Remarkable changes were restricted to brain glucose concentra tions; significantly lower levels were measured in most brain regions with the exception of the frontal cortex, These changes were reflected in decreased C/P glucose ratios, although to a lesser extent (Table 4 ; Fig, 3 ), Mean (± SEM) cerebral ATP, phosphocreatine, lactate, and glucose concentrations together with C/P glucose ratio in five brain regions 2 h after the MCA occlusion both in the ipsilateral and contralateral hemispheres. Values are given in micromoles per gram of brain tissue.
a p < 0.05, when compared with homologous brain region in sham-operated rats (Tables 2 and 3). b P < 0.01, when compared with homologous brain region in sham-operated rats (Tables 2 and 3).
Subacute phase. Twenty-four hours after the oc clusion , and in all regions , lactate levels declined as compared with those measured at 2 h, although they still remained significantly higher than the values measured in sham-operated rats. ATP levels did not change noticeably (Table 5 ; Fig . 2) . At 24 h, cerebral glucose was elevated in all the regions ex amined, and, due to the fact that plasma glucose was decreased (Table 1) , C/P glucose ratios were markedly elevated (Fig . 3) . Phosphocreatine values remained stable.
Although lactate levels did not change (cortical regions) or even further declined (striatum) 48 h after the occlusion , a severe , global decrease in ATP concentrations occurred at that time (Table 6 ; Fig . 2 ) . In frontal, cingulate , and occipital cortices , mean ATP values remained relatively preserved. However, ATP concentrations in the parietal cortex were markedly depressed, similar to those mea sured in the striatum. Mean phosphocreatine levels were also greatly decreased in the striatum and pa rietal cortex although they were not modified in other cortical regions (Table 6 ) . Brain glucose levels were markedly elevated and ranged between 3.59 ± 0.64 jJ.mol/g (frontal cortex) and 4.89 ± 0.87 jJ.mollg (parietal cortex) . Consequently, C/P glucose ratios were also very high (Fig . 3) , and , in all re gions, the percentage increases in these ratios ap peared inversely correlated to the decrease in ATP concentrations (Figs . 2 and 3 ) .
J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 In the contralateral hemisphere, mean ATP and phosphocreatine levels were not significantly al tered 24 h after occlusion (Table 5) . However, lac tate concentrations were significantly lowered in the occipital cortex and striatum, while, in the latter region , the C/P glucose ratio was increased (Table 5) . A similar increase in C/P glucose ratio was noted in frontal and parietal cortices . None of the mean lactate or C/P glucose ratio values were significantly modified 48 h after the occlusion when compared with values of sham-operated rats. How ever, ATP values declined in the contralateral cin gulate cortex and striatum , and parallel changes were noted in phosphocreatine concentrations . The level of both metabolites (ATP and phosphocrea tine) remained unchanged in parietal cortex (Ta ble 6).
Chronic phase: At 7 and 14 days, ATP and phos phocreatine levels returned to control values in frontal, cingulate, and occipital cortices (Table 7) . In the parietal cortex and striatum, ATP and phos phocreatine concentrations were similar and re mained depressed even at 14 days when compared with values measured in sham-operated rats. How ever, these concentrations were higher than those observed at 48 h. Even after 14 days, C/P glucose ratios remained significantly higher than control values (17 -26%) in all cortical regions, the differ ences being even greater in striatum (Fig. 4) the level remained significantly elevated in the striatum only (Table 7) . In contrast, when com pared with values obtained in sham-operated rats , significantly lower lactate levels were measured in frontal and occipital cortices 14 days after the oc clusion (Fig. 4) . Similar lower lactate concentrations were fo und in the contralateral hemisphere in frontal , cingu late , and occipital cortices and in striatum (Fig. 4) . No significant change could be detected either in ATP and phosphocreatine values or in C/P glucose ratios .
DISCUSSION
The extraction procedure we have used is vali dated by the fa ct that our values of regional metab olites in sham-operated rats are very close to those that have already been published under similar con ditions (P ulsinelli and Duffy , 1983) . All the cortical regions studied displayed a normal metabolic status with the possible exception of the frontal cortex, in which the differences in metabolite concentrations with respect to the other brain regions might indi cate a slight enhancement of anaerobic glycolysis (related to methodological constraints). In the striatum , however, the significantly diminished glu cose concentrations ( -22%), as compared with those of the cortical regions , must be explained otherwise , since all other metabolites were un changed. In fa ct, a relatively lower striatal glucose concentration has already been found in experi ments using microdissection techniques ( -17% in the study of Cremer et aI. , 198 1; -28% in the study of Pulsinelli and Duffy , 1983) . Nonetheless , there appears to be no obvious explanation for these ex perimental findings .
The bilateral increase in cortical glucose levels and C/P glucose ratios in sham-operated rats as compared with nonoperated controls is in agree ment with previous results (Pulsinelli and Duffy, 1983) . However, in the present work , this differ ence is smaller than previously reported , and striatal glucose concentrations remained un changed. Since this effect is still evident 14 days after the sham-operation, it cannot result from an esthesia. Furthermore , this difference is not linked to elevated plasma glucose levels in sham-operated rats , as C/P glucose ratios display similar changes . This observation thus remains unexplained but might be the consequence of the craniectomy.
In the ipsilateral hemisphere , 2 h after the occlu sion of the middle cerebral artery, marked meta bolic changes were detected in all the regions ex- parietal cortices and in striatum at 2 h, 24 h, and 48 h after MCA occlusion in both ipsilateral and contralat eral hemispheres ('p < 0.05; "p < 0.01). Mean (± SEM) cerebral ATP, phosphocreatine, lactate, and glucose concentrations together with C/P glucose ratio in five brain regions 24 h after middle cerebral artery occlusion both in ipsilateral and contralateral hemispheres. Values are given in micromoles per gram of brain tissue .
a p < 0.05, when compared with homologous brain region in sham-operated rats (see Tables 2 and 3 ). b P < 0.01, when compared with homologous brain region in sham-operated rats (see Tables 2 and 3) .
amined . In the striatum, middle cerebral artery oc clusion induced a profound ischemia as evidenced by a tenfold increase in lactate concentrations . Al though striatal ATP concentrations were greatly re duced, they were readily measurable, as were phosphocreatine levels, while glucose levels were only diminished by 26% . This pattern of change neither resembles that found during global ischemia (P ulsinelli and Duffy, 1983) nor that observed when focal measurements were performed following the occlusion of the middle cerebral artery in the cat (Welsh et al., 1980) . In fact, our dissection method for the isolation of brain samples most certainly in cludes deeply ischemic tissue together with tissue having a near-normal metabolism since, in the rat, occlusion of the middle cerebral artery affects pri marily the dorsolateral part of the striatum (Tamura et al., 1981a) . Our results are thus weighted values in regions that vary in their metabolic alterations (striatum, parietal cortex) although they might be more representative of true changes in the energy metabolism in other cortical regions . At that time (2 h after the occlusion), the metabolism of the entire hemisphere was disturbed, and there appears to be a hierarchy in the intensity of the modifications among the cortical areas; frontal and occipital cor tices and, to a lesser extent, cingulate cortex are better preserved, parietal cortex being more se verely affected. That the occipital cortex suffered
from the consequence of middle cerebral artery oc clusion is surprising since this region is partly sup plied by the posterior cerebral artery (Yamori et al ., 1976) , That said, it has been shown that, following middle cerebral artery occlusion, blood flow is greatly reduced in occipital cortex (Tamura et al ., 1981h) . In the present study, the metabolism of the cingulate cortex appeared relatively more disturbed than would be indicated by the flow reduction in duced by middle cerebral artery occlusion (Tamura et aI., 1981h) . Changes in energy metabolism were not re stricted to the cerebral hemisphere ipsilateral to the occlusion since signs of disturbed metabolism were also found in the contralateral hemisphere, How ever, lactate levels remained constant, although C/P glucose ratios were lowered in most cortical re gions . Since it has been shown that 30 min after occlusion, cerebral blood flow decreases by over 20-40% in the contralateral hemisphere as com pared with blood flow in sham-operated rats (Ta mura et al ., 1981h) , our results might suggest that, in the "nonaffected" hemisphere, a restitution phase occurred 2 h after the occlusion . However, this explanation would appear contradictory to the decrease in local cerebral glucose utilization de scribed in the contralateral hemisphere 90 min after middle cerebral artery occlusion in the cat (Gins berg et aI ., 1977) . In this latter study, however, an- Mean (± SEM) cerebral ATP, phosphocreatine, lactate, and glucose concentrations together with C/P glucose ratio, in five brain regions 48 h after the MCA occlusion both in the ipsilateral and contralateral hemispheres. Values are given in micro moles per gram of brain tissue. a p < 0.05, when compared with homologous brain region in sham-operated rats (Tables 2 and 3). b P < 0.01, when compared with homologous brain region in sham-operated rats (Tables 2 and 3) .
esthesia might well have obscured this postulated phase of recovering metabolism. A normalization of energy metabolism occurred 24 h after occlusion; ATP levels either returned toward control values or remained stable, and lactate levels declined. The most striking change con cerned C/P glucose ratios, which were increased by 50-100% as compared with ratios in sham-operated i.-P. NOWICKI ET AL. rats. Obviously, the determination of e/P glucose ratio is not a measure of glucose utilization. While a decrease in metabolic rate may lead to an increase in the e/P ratio, an increase in glucose transport will also raise the e/P ratio. Especially in regions showing infarction, the transport of glucose might be altered. However, in regions that lie outside the area of infarction in the ipsilateral hemisphere and in regions in the contralateral hemisphere where in creases in e/P glucose ratios were measured, a change in blood-brain barrier permeability for glu cose is unlikely to have occurred. Furthermore, a very recent publication demonstrates that 16 h after middle cerebral artery occlusion in the cat, the ex traction fractions of glucose are increased by 3.5 times when compared with control values (Nakai et aI., 1987) . Moreover, in that study, the authors showed that glucose consumption rates are de creased by 68%; they concluded that 16 h after oc clusion the blood-brain barrier is probably still in tact. We therefore consider that the changes in e/P glucose ratio might reflect a decrease in glucose utilization (Siesj6, 1978) . An even greater reduction in glucose use was reported in the study of Neder gaard and colleagues (1986) , in which regional glu cose utilization was decreased by 48% in cingulate cortex and 74% in parietal cortex between 15 min and 20 h; however, in this study, only relative changes could be estimated since control values for Vol. 8, No.4, 1988 sham-operated rats were not included. In our in vestigation, similar, although less marked (10-30%) enhanced e/P glucose ratios were measured in the contralateral hemisphere, accompanied by a global lowering of lactate levels by 14%. Taken together, these last two modifications suggest that a meta bolic equivalent of diaschisis occurred in the con tralateral hemisphere at 24 h (Feeney and Baron, 1986) . Forty-eight hours after the occlusion, a decline in ATP levels was noted in all the regions examined. Somewhat surprisingly, the energy metabolism of the parietal cortex abruptly deteriorated at 48 h, to become as severely impaired as that of the striatum, although the ATP concentrations of the parietal cortex remained close to the relatively well-preserved metabolism of other cortical areas up until this time. As it has been shown that, fol lowing middle cerebral artery occlusion in the rat, brain edema reaches a maximum at 72 h following occlusion (Gotoh et aI., 1985) , the impaired parietal metabolism might be related to a decreased flow in duced by a tissue edema. This hypothesis is sup ported by the fact that signs of disturbed metabo lism were also found in the hemisphere contralat eral to the occlusion. However, a similar secondary deterioration in brain energy metabolism has been demonstrated during the recovery from a 30-min forebrain ischemia (P ulsinelli and Duffy, 1983 ) that occurred during the 24-72 h following the insult. In this study, the aggravation of the energy status of the tissue was not the result of a delayed, local tissue ischemia, since, at those times, cerebral blood flow values were equal or greater than con trol flow values (P ulsinelli et aI., 1982) . However, if blood flow is adequate, then concentrations of high-energy phosphates should be maintained at normal levels-which was not the case in our present study. Direct measurements of cerebral blood flow 48 h after ischemia might help to explain this discrepancy. In our study, the probable ab sence of local tissue ischemia is also indicated by the absence of a secondary elevation in lactate con centrations (with the exception of occipital cortex).
In the semichronic phase (7-14 days), in occip ital, cingulate, and frontal cortices, the levels of metabolites returned toward baseline values al though there was some evidence to suggest that glucose metabolism might have remained impaired. In the parietal cortex and striatum, the energy re serves (ATP and phosphocreatine) were signifi cantly lower than control values although the lac tate levels were almost normal. However, a clear restitution in ATP and phosphocreatine occurred in these latter regions between 48 h and 7 days. Since our previous histopathological investigations have demonstrated that a consolidated infarction is present in both the parietal cortex and striatum at 48 h (Duverger and MacKenzie, 1988) , the increase in ATP concentrations at later times is unlikely to reflect a phenomenon of neuronal restitution; rather, we propose that the recovery of ATP levels was related to the development of gliosis. Indeed, the difference between values at 48 h and 7 days corresponds to a marked glial proliferation and/or macrophage invasion in the striatum as evidenced by a lO-13-fold increase in the density of "periph eral type" benzodiazepine binding sites (Benavides et aI., 1987; Dubois et aI., 1988) . However, the in creased number of binding sites associated with a gliosis could be due to astrocytic proliferation andl or a greater expression of the binding sites in indi vidual cells, although the former hypothesis ap pears more likely.
The present study demonstrates that the fate of a region cannot be simply inferred from measure ments performed in the acute stage. Our parallel experiments show that, in regions where energy metabolism is initially severely disturbed (striatum), necrosis will subsequently follow (Du verger and MacKenzie, 1988) . However, infarction can also occur in brain regions where the preco cious metabolic modifications remained limited (such as in parietal cortex). Such regions of meta bolic penumbra are of fundamental interest since this tissue might be the most susceptible to pharma cotherapy. In particular, the delay of 48 h was chosen for our histological investigations (Duverger and MacKenzie, 1988) since in the parietal cortex this period corresponded to the transition of near normal to ischemic metabolism as noted in the present biochemical investigation. Furthermore, our study demonstrates that the occlusion of the middle cerebral artery in the rat induces temporal metabolic perturbations not just restricted to re gions supplied by that artery but also affecting the whole ipsilateral hemisphere and even the contra lateral hemisphere.
Finally, the present study demonstrates that, in this model of focal cerebral ischemia, a delayed re gional ischemia can occur without any large in crease in lactate concentration and, indeed, while the lactate level is only twice normal values. The absence of an exaggerated lactate increase together with the large increase in cerebral glucose levels is likely to be related to a severe inhibition of the rate of glucose utilization. A late depression of cerebral glucose use (-40% in parietal cortex) has been demonstrated after a 48-h period of recirculation fo llowing global ischemia (P ulsinelli et aI., 1982) .
Our results suggest that, following an irreversible focal ischemia, such a phenomenon might also occur even in regions distant from the ischemic focus. As signs of an inhibited cerebral glucose uti lization were already seen 24 h before any large de terioration of brain energy metabolism occurred, two questions can be addressed: Is there a causal relationship between these two phenomena? Why does the reduction in glucose metabolism embrace the entire ipsilateral hemisphere?
Excitatory amino acids-particularly glutamate -have been implicated in the pathophysiology of ischemic brain damage (Rothman and Olney, 1986) . It has been shown that the early metabolic changes induced by an intracerebral injection of kainate might be explained by a profound activation of aer obic metabolism (Retz and Coyle, 1982) . One might thus suggest that, following ischemia, the gluta mate-induced neuroexcitation would lead to a large increase in energy demand. The possibilities of a compensatory increase in aerobic metabolism are, however, limited by the probably important inhibi tion of cerebral glucose utilization. Brain tissue might then be in a state of "functional hypogly cemia," and pathophysiological changes will be re lated to the degree of imbalance between energy needs (glutamate-related hyperactivity) and energy production (decreased glucose utilization). This hy pothesis does not require that glutamate release be increased, if neuronal and glial reuptake of this amino acid is limited by the available energy (Naito and Veda, 1985; Weinberger and Cohen, 1983) . The likely inhibition of glucose use, as reflected by changes in brain glucose levels (which, in our study, increased with time), would create a time-de pendent, relatively greater substrate deficiency for energy production down to a level that would not assure maintenance of the cellular integrity. Our hypothesis would also explain why, during experi mentally induced hypoglycemia, histopathological changes are found only when plasma glucose is re duced to such an extent that a decrease in cerebral glucose consumption is noted (Abdul-Rahman and Siesjo, 1980; Bryan et aI., 1986) .
Acute increases in plasma glucose concentra tions have been shown to be accompanied by an unchanged glucose metabolism (Siemkowicz et aI., 1982; Duckrow and Bryan, 1987) . In contrast, chronic hyperglycemia was associated with signifi cantly decreased rates of glucose utilization (Duckrow and Bryan, 1987) . Furthermore, a chronic elevation of blood glucose concentrations was associated with a greatly decreased glucose oxidation in microvessels isolated from strepto zotocin-treated rats (McCall et aI., 1984) and de-creased glucose transport rates into the brain (McCall et al., 1982) . These effe cts might con tribute to an even greater mismatch between en ergy production and energy requirements, which would explain the larger infarct size fo und in chronic hyperglycemic rats (Duverger and Mac Kenzie , 1988) .
How is one to explain the depression in glucose consumption outside the territory of infarction, not just in the ipsilateral hemisphere but also possibly in the contralateral hemisphere? Although much additional work is required, we would like to point out that suppression of sensory functions has been described following fo cal ischemia in the cat in re gions that lie outside of the area of infarction (Graf et al., 1986) . This widespread fu nctional and meta bolic impairment could be based on cortical deaf fe rentation and/or disruption of corticocortical con nections as middle cerebral artery occlusion causes necrosis in both cortex and its underlying white matter tracts .
While a decrease in neuronal activity might ex plain the decreased metabolic rate in regions dis tant from the ischemic fo cus with an essentially preserved energy metabolism, such an hypothesis fa ils to explain the deterioration of energy metabo lism in proximal regions such as parietal cortex. Al though we have no direct evidence for a primary inhibition of brain metabolism, the fa ct that signs of a large decrease in brain glucose use were apparent 24 h before any degradation of energy metabolism occurred would suggest that the latter phenomenon is the consequence of the fo rmer. Recently, changes in brain region mitochondrial fu nction have been shown to correlate with histological evi dence of ischemic cell change fo llowing global isch emia and recirculation (Sims and Pulsinelli, 1987) . More interestingly, these changes in mitochondrial activity preceded the modifications in brain energy metabolism that were detected in a previous study (Pulsinelli and Duffy, 1983) . These results are in agreement with our hypothesis of a primary inhibi tion of cerebral metabolism that would limit energy production and, thus, lead to energy fa ilure in the fa ce of increased energy demand.
NOTE
In the preliminary report of our data (Nowicki et al., 1985) , the rat strain used was erroneously indi cated as being the Sprague-Dawley rat . In fa ct, Fischer-344 rats were used throughout the study. We apologize to those who might have been con fused by the discrepancy.
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